Introduction
Upper urinary tract obstruction is the leading cause of impaired fluid movement [1] , which can give rise to renal ischemia due to intrapelvic pressure increased and renal hemodynamic changed. Moreover, it is highly possible that can eventually result in renal fibrosis and damage to renal function. Surgery can remove a urinary tract obstruction but it cannot reverse renal fibrosis, so techniques to prevent fibrosis are urgently needed.
Obstructive nephropathy is typically associated with increased generation of free radicals and/or impaired antioxidant defense, resulting in increased reactive oxygen species (ROS), which contribute to the onset, progression, and pathological consequences of obstructive nephropathy [2] . An imbalance between oxidant and antioxidant systems may cause additional injury to the interstitial tissue, and lead to renal tubular atrophy and interstitial fibrosis. Therefore, ROS generated in renal tissues and antioxidant imbalances are important pathogenic mechanisms of obstructive nephropathy. ROS are ubiquitous signaling molecules in biological systems, and the NADPH oxidase (NOX) enzyme family is an important source of ROS. Five homologues of the catalytic NOX subunit (NOX1-5) have been identified [3] . The NOX family has been linked to various cellular functions, such as proliferation, migration, hypertrophy, metalloproteinase regulation, matrix synthesis, cell senescence, and contraction [4] . NOX2, which appears to share the same overall structure with Nox4 in Nox family, is also abundant in the kidney cortex and tubular epithelial cells [5] . Furthermore, the NOX2 has been shown to be essential for angiotensin II (Ang II)-induced oxidative stress in the kidney [6] . ROS act as second messenger, linking the signal network between Ang II and mitogen-activated protein kinases (MAPKs). Studies suggest that Ang II stimulates phosphorylation and activation of extracellular signal-regulated kinase (ERK) in renal tubular cells, depending on the formation of NAD (P)H oxidase-mediated O 2 - [7] . Fluorofenidone (1-(3-fluorophenyl)-5-methyl-2-(1H)-pyridone, AKF-PD) is a novel pyridone agent, molecular formula: C12H10ONF, structural formula as shown below. Several studies have reported that it can attenuate fibrosis in kidney, liver, lung and heart [8] [9] [10] [11] . We have reported previously that AKF-PD attenuates collagen I and transforming growth factor-beta1 expression through a Nox4-dependent way in rat proximal tubular epithelial cells (NRK-52E) [9] , suggesting its potential anti-oxidative property.
However, the role of AKF-PD in NOX2-depended oxidative stress and fibrosis is not well understood in a rat model of obstructive nephropathy induced by unilateral ureteral occlusion (UUO) and in Ang II-stimulated NRK-52E cells. At the same time, whether ERK/ MAPK signal pathway involves in NOX2-depended ROS and collagen expression by Ang II is unclear. Therefore, we investigated the mechanisms behind the putative antioxidant and antifibrotic effects of AKF-PD on obstructive nephropathy in rats model with UUO. We hypothesized that AKF-PD inhibits NOX2-depended ROS and collagen expression partly via ERK/MAPK signal pathway in the pathogenesis of obstructive nephropathy. Losartan, an Ang II receptor blocking agent, was used to create positive control.
Materials and Methods

Materials
All reagents for cell culture were purchased from Invitrogen (Carlsbad, CA, USA). Antibodies against p-ERK1/2, ERK1/2, MEK and U0126 were purchased from Cell signaling Inc. (Danvers, Mass, MA), collagen I (a1) and Fibronectin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,Calif,USA), and NOX2 (gp91phox) was purchased from Abcam (Cambridge, UK). Anti-β-actin and a cytochrome c reductase (NADPH) assay kit were purchased from Sigma-Aldrich Ltd. (St. Louis, MO, USA). Dichlorodihydrofluorescein diacetate (DCFH-DA) was purchased from Invitrogen and the Oxiselect TM thiobarbituric acid reactive substances (TBARS) assay kit for malondialdehyde (MDA) quantification was purchased from Cell Biolabs, Inc. (San Diego, CA, USA).
The HRP-conjugated secondary antibodies and enhanced chemiluminescence (ECL) kit for Western blot were purchased from Amersham Biosciences (Piscataway, NJ). AKF-PD (Lot No.090601) was synthesized by Sunshine Lake Pharma Co, Ltd. (Shenzhen, Guangdong, China). Losartan was from Merck & Co, Inc (Whitehouse Station, NJ). All other chemicals were from Sigma-Aldrich Ltd unless otherwise indicated.
Cell Culture and Treatment
Rat proximal-tubular epithelial (NRK-52E) cells were purchased from ATCC (Rockville, MD). NRK-52E cells were cultured in DMEM supplemented with 8% FBS, penicillin (100 U/ml) and 100 μg/ml streptomycin (Invitrogen), at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. The cells were seeded on six-well culture plates to 60-70% confluence in complete medium containing 5% FBS for 24 h, which was changed to serum-free media for 24 h before Ang II induction at a final concentration of 10 -7 mol. To examine the effects of AKF-PD and losartan on Ang II-induced expression of p-ERK, NOX2, the cells were treated with AKF-PD (2 mM) or losartan (10 -5 mol) for 24 h, were incubated with the MEK inhibitor U0126 (10 μM, Cell Signaling) or NADPH oxidase inhibitor DPI (10 -7 mol, Sigma) for 1 h, and were subsequently induced by Ang II (10 -7 mol) for 15 min (p-ERK) and 24 h (NOX2, fibronectin) before cellular protein extraction. Each experiment was replicated three times. 
Transient Transfection Assays
Measurement of O 2 -Generation in Intact Cells
Changes in intracellular ROS levels were measured by quantifying the oxidative conversion of cellpermeable 2′, 7′-dichlorofluorescein diacetate (DCFH-DA) to fluorescent dichlorofluorescein (DCF) using a Microplate Reader (BioTek Inc, Winooski, VT). In brief, cells were seeded onto a 96-well plate and treated as described above. Cells were then washed with D-Hank's solution and incubated with DCFH-DA (10 μM) at 37°C for 20 min in the dark. Cells were then washed in PBS, trypsinized, and resuspended in 100 μl of PBS. Cellular ROS resulting from the oxidation of 2′, 7′-dihydrofluorescein was measured (excitation: 488 nm; emission: 515 to 540 nm). Fluorescence data are expressed as percent increase over untreated samples.
In addition, transfected NRK-52E cells were seeded onto a 50-mm dish and treated as described above. After washing with PBS solution, cells were incubated with DCFH-DA (10 mM) at 37°C for 20 min in the dark. The oxidative conversion of cell-permeable DCFH-DA to fluorescent DCF was assessed by flow cytometry using FACS Calibur (Becton Dickinson, Franklin Lakes, NJ). The percentage of fluorescent intensity was assessed using ModFit LT software (Verity Software House, Topsham, ME). Fluorescence data are expressed as percent increase over untreated samples. Each experiment was performed in triplicate.
Animals and Treatments
A total of 24 male Sprague-Dawley (SD) rats (220-250 g) were randomly assigned to four groups (N = 6) as follows: (1) UUO rats treated with 0.5% carboxymethyl cellulose sodium (CMC-Na) (designated as UUO); (2) UUO rats treated with 500 mg/kg per day AKF-PD (UUO + AKF-PD); (3) UUO rats treated with 20 mg/kg per day losartan (UUO + losartan); and (4) sham rats treated with 0.5% CMC-Na (sham). All rats were killed at day 14 after surgery, and the left kidney was decapsulated. UUO operation method reference to Le Tulzo Y SR et al. [12] .
Histopathological Evaluation
Kidney tissue sections were deparaffinized in xylene, rehydrated through graded ethanol, and subsequently stained with hematoxylin and eosin (H&E) and Masson's trichrome, or set aside for immunohistochemistry. The tubulo-interstitial damage index was graded as described previously [13] . Scores were determined in 20 randomly-selected fields per section examined under 200 x magnifications. In Masson's trichrome stained samples, tubulo-interstitial fibrosis was estimated using the following scoring system: 0 = normal interstitium; 1 = <25% of the surface area staining positive; 2 = 25-50% of the surface area staining positive ; 3 = 50-75% of the surface area staining positive; and, 4 = >75% of the surface area staining positive.
NADPH Oxidase Assay
Renal cortex homogenate was prepared in 500 μl and 1 ml aliquots of lysis buffer by using a Dounce homogenizer (100 strokes on ice). Homogenates were then centrifuged at a low speed (800 x g, 10 min) at 4°C to remove unbroken cells and debris, and aliquots were used immediately. To start the assay, 100 μl of homogenate was added to 900 μl of 50 mM phosphate buffer, pH 7.0, containing 1 mM EGTA, 150 mM sucrose, 5 μM lucigenin, and 100 μM NADPH. Photon emission (relative light unit) was measured every 20 or 30 s for 10 min in a luminometer. There was n o measurable activity in the absence of NADPH. A buffer blank (less than 5% of the cell signal) was subtracted from each reading. Superoxide production was expressed as relative chemiluminescence (light) units (RLU)/g of tissue. Protein content was measured using the Bio-Rad protein assay reagent (Hemel, Herts, UK).
Measurement of Renal MDA
Kidney tissue was homogenized in aqueous 0.15 M KCl solution to yield a 10% (v/v) homogenate. One ml of homogenate was then mixed with one ml of 10% (v/v) trichloroacetic acid (TCA) and centrifuged at 1,000 x g for 15 min. One ml of supernatant was suspended into 1 ml of 0.67% 2-TBA (v/v). Sample tubes were then placed into a boiling water bath for 15 min. Samples were allowed to cool at room temperature followed by centrifugation at 1,000 g for 15 min. The optical density of the supernatant was measured at 532 nm using a Spectra MAX microplate reader (Molecular Devices, Sunnyvale, CA). Protein content was measured using the Bio-Rad protein assay reagent (µmol/l).
Western Blotting
Total (30 µg) protein were extracted from fresh kidney tissue or cultured cells were separated on 10% SDS-PAGE under reducing conditions and transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). The unspecific binding sites were blocked in TBS-T buffer (10 mM Tris/HCl, 150 mM NaCl, 0.1% (v/v) Tween 20, pH 7.6) containing 5% (w/v) skim milk for 1 h at room temperature. The membranes were incubated overnight at 4°C with the primary antibodies against NOX2 (1:1,000), Fibronectin (1:400), ERK (1:1,000), p-ERK (1:1,000) and were subsequently hybridized with HRP-conjugated secondary antibodies for 1 h at room temperature. The bands were visualized with an ECL kit and quantified using Glyko Bandscan 5.0 software (Glyko, Novato, CA). Each experiment was repeated three times.
Statistical Analysis
All data were expressed as means ±standard deviation (SD). Statistical analysis was performed using SPSS 16.0 software (SPSS Inc, Chicago, IL). The comparison among different groups was made with one-way ANOVA assay. Multiple comparison tests were applied only when a significant difference was determined by ANOVA. P < 0.05 was considered to be statistically significant.
Results
AKF-PD inhibited ROS formation in Ang II-induced NRK-52E cells
To elucidate the time course of ROS generation by Ang II stimulated rat NRK-52E cells, DCF-emitted fluorescence was measured (Fig. 1 B) . Ang II-induced ROS generation was increased at 60 min. Then, groups of 24 h serum-starved cells were treated with Ang II plus AKF-PD, losartan or DPI and DCF fluorescence was measured 60 min later. AKF-PD, losartan and DPI all attenuated the generation of ROS (P <0.01), respectively. There was no significant difference between AKF-PD and Losartan treatment (P >0.05) (Fig. 1 A, C) . , or DPI (10 -7 mol); β-actin was used as an internal loading control, #P < 0.05 compared to the control group; *P < 0.05 compared to the Ang II group; §P < 0.05 compared to the losartan group. Treatment with AKF-PD, losartan, and the MEK inhibitor U0126 (10 μM) attenuated Ang II -induced activation of p-ERK (F) for 15min in NRK-52E cells; total ERK was used as the internal loading controls. The bar graphs represent the optical density (OD) of the bands obtained by Western blotting; #P < 0.05 compared to the control group; *P < 0.05 compared to the Ang II groups.
AKF-PD inhibited Ang II-induced collagen I α1 expression in NRK-52E cells
Ang II induced significantly more collagen I α1 expression compared to the control group (Fig. 1D )(P <0.01). Either AKF-PD or losartan pretreatment for 24 h significantly blocked Ang II-induced collagen I α1 expression (P <0.01). The effect of AKF-PD was better than losartan in Ang II induced collagen I α1 expression (P <0.01).
AKF-PD inhibited expression of NOX2 in Ang II-induced NRK-52E cells
Cells pretreated (24 h) with Ang II alone increased the expression of NOX2 (P <0.01) (Fig.  1 E) . Any pretreatment with AKF-PD, losartan for 24 h, DPI for 1 h significantly inhibited Ang II-induced the expression of NOX2 (P <0.01). There was no significant difference between AKF-PD and Losartan treatment (P >0.05).
AKF-PD inhibited ERK/MAPK signaling pathway in Ang II-induced NRK-52E cells
To further decipher the molecular mechanisms responsible for the inhibition of AKF-PD on Ang II-induced NOX2 activation, we investigated the ERK/MAPK signaling pathway in NRK-52E cells. As shown in (Fig. 1 F) , a 15 min Ang II treatment induced significantly increased level of or concentration of phosphorylated ERK in NRK-52E cells. Any pretreatment with AKF-PD, losartan for 24 h, MEK inhibitor of U0126 for 1 h significantly inhibited the expression of p-ERK. There was no significant difference between AKF-PD and Losartan treatment (P >0.05). 
Fig. 2. Effect of AKF-PD treatment on NRK-52E cells transected with plasmids constitutively expressing the active form of MEK (MEK1Q56P). AKF-PD reduced ROS generation in cells over-expressing MEK (A). # and * represent
AKF-PD inhibited expression of NOX2, collagen I α1 and generation of ROS in NRK-52E cells via ERK/MAPK signaling pathway
As shown in Fig. 2 , NRK-52E cells were transfected with MEK1Q56P plasmids (Fig. 2 B) . After transient transfection, NRK-52E cells overexpressing MEK have elevated generation of ROS (Fig.2 A) and expression of p-ERK (Fig. 2 C) , NOX2 (Fig. 2 D) , collagen I α1 (Fig. 2  E) However, the addition of AKF-PD dramatically reduced the amount of p-ERK, NOX2 and collagen I α1.
AKF-PD attenuated histological injures and ECM deposition in UUO rats
As show in (Fig. 3 A) , rats with UUO exhibited kidney damage which was tubulo-interstitial injury consisting of tubular atrophy, interstitial infiltration of fibroblasts, interstitial edema, the presence of red cell and protein casts, and renal tubular epithelial cell vacuolar degeneration. Administration of both AKF-PD and losartan significantly attenuated renal pathological alterations and tubulointerstitial damage as evidenced by downregulating renal interstitial damage indexes (P <0.05) (Fig. 3 C) .
While the interstitial accumulation of collagen fibers were increased in the kidneys from UUO rats, both AKF-PD and losartan treatment attenuated (P <0.05) collagen expression (Fig.  3 B, D) . In support of ECM remodeling, UUO rat kidneys had increased fibronectin expression compared to sham-operated rats (Fig. 3 E) . Furthermore, AKF-PD and losartan treatment ameliorated (P <0.05) increased fibronectin expression observed in UUO rats. There was no statistical difference in renal fibronectin expression between AKF-PD and losartan-treated rats.
AKF-PD attenuated NOX enzyme activity and expression of NOX2 in UUO rats
Kidneys from UUO rats underwent oxidative stress as evidenced by significantly increased NOX2 protein expression and NOX enzyme activity (P <0.05). AKF-PD and losartan treatment attenuated NOX2 expression and NOX enzyme activity (P <0.05), There was no statistical difference between AKF-PD and losartan treatment (P <0.05) (Fig.4 C, A) .
AKF-PD attenuated lipid peroxidation in UUO rats
Kidneys from UUO rats underwent oxidative stress as evidenced by significantly increased MDA of lipid peroxidation. AKF-PD decreased MDA level (P <0.05) and there was no statistical difference between AKF-PD and losartan treatment groups (Fig. 4 B) .
Discussion
Antioxidant strategies have offered important preventive and therapeutic improvement in the development of renal injury, both in vitro and in vivo [12] , so we investigated the potential effects of fluorofenidone (AKF-PD) upon oxidative stress-driven kidney damage in UUO models. We revealed that AKF-PD had an obvious renoprotective effect as evidenced by decreased histological injures and ECM deposition in UUO rats. These observations are in accordance with fluorofenidone reducing NOX2 expression and MDA level in 14 days UUO rats, an indicator of oxidative stress. Collectively, our data show that AKF-PD exerts its renoprotective role by decreasing oxidative stress and ECM deposition in UUO rats.
UUO animal models are appropriate for studying mechanisms of human obstructive nephropathy as well as the impact of potential therapeutic approaches to ameliorate renal disease. Obstructive nephropathy is characterized by oxidative stress promoted by cytokines and growth factors produced by damaged tubular cells and accumulated myofibroblasts. This oxidative stress contributes to tubular atrophy and interstitial fibrotic characteristics of obstructive nephropathy [13] . Reactive oxygen species are chemically reactive molecules and free radicals generated from molecular oxygen that, if produced in excess, cause damage to tissues and different components of the cells. The production of ROS by renal tubular epithelial cells is considered to be closely associated with the pathogenesis of UUO-induced renal fibrosis. Although mitochondrial respiration generated greater O 2 -, NAD(P)H oxidase is known to be the principal source of abnormal cellular signaling [14] . NAD(P)H oxidase was originally found in neutrophils and is composed of the catalytic subunit gp91phox together with the regulatory subunits p22phox, p47phox, and p67phox and the small GTPase Rac [15] . Electrons from NAD(P)H are transferred through the enzyme to molecular oxygen to generate superoxide and subsequently other ROS such as hydrogen peroxide. Regarding mechanisms leading to oxidative stress, NOX2 is a major source of vascular and tissue O 2 -anion formation that is expressed in normal rat kidney [16] . Moreover, as the most abundant subunit of the NOX family in the kidney, NOX2 is a major source of ROS and functions as an oxygen sensor regulating oxygen-dependent gene during renal inflammatory processes [17] . We have proven that NOX2 protein expression in obstructive renal interstitium is increased concomitantly with elevated MDA 14 days after UUO and with increased ROS in NRK-52E cells induced by Ang II.
Searching for novel agents with inhibitory effects on NOX activation is attracting increasing attention for the prevention of renal fibrosis. A vicious cycle of activation of the renal angiotensin-aldosterone system and ROS plays a pivotal role in the progression of renal injury [18] . We hypothesized that AKF-PD-driven blockage of oxidative stress in renal tubular epithelial cells was likely mediated by antagonizing Ang II signaling. Taken together, the above observations suggest the notion that AKF-PD offers a better renoprotection in part via more effectivetly attenuating the ERK-NOX2 pathway.
Many signaling pathways can regulate NOX2 expression, such as MAPK, TGF-β1/Smad and PI3K/Akt/ROS [15, 19] . Some reports suggest that Ang II stimulated mitochondrial ROS generation, through the opening of mitochondrial KATP channels leading to redox sensitive activation of MAPK [20] . NADPH oxidase-mediated ROS and subsequent ERK and p38 MAPK activation (ROS-MAPK pathways) play important roles in TGF-β1-induced ECM accumulation in renal tubular epithelial cells [21] . Our results suggest that NADPH oxidasemediated ROS depending on ERK activation (ERK-ROS pathway) also play important roles in ECM accumulation in renal interstitium. We assume that there's a strong positive feedback loop between ERK signals and ROS that would further aggravate renal interstitial fibrosis.
ERK activation plays important roles in ECM accumulation in the renal tubulointerstitium. ERK signaling pathway is required for both the restoration of damaged tubular epithelial cells and the inhibition of fibrosis progression following injury [22] . In this study, we demonstrate that the renoprotective effect of AKF-PD might depend on reducing ERK activation, which aligns with findings in mouse mesangial cells and renal interstitial fibroblasts [23, 24] .We assume that the antifibrotic and antioxidative effects of AKF-PD are suggested to be mediated by its actions through inhibition of ERK activation.
Losartan, an angiotensin II type 1 (AT1) receptor antagonist selected in the present study as the positive control drug, has significant antifibrotic effects on non-diabetic and diabetic nephropathy [25] . Losartan was also reported to be able to attenuate oxidative stress [26] . Our data demonstrated the anti-oxidative stress effects of Losartn via blunting the attenuated NOX enzyme activity and expression of NOX2 in UUO rats and NRK-52E cells, preventing ECM degradation, which were previously reported by our group [2] , More importantly, this study suggested that AKF-PD not only prevented tubulointerstitial fibrosis and oxidative stress in the UUO rat model, but also exerted some more effective anti-fibrosis and ant-oxidative stress abilities than Losartan regarding to some important renal fibrosis and Lipid peroxidat indices, including MDA production, collagen1a1 protein levels. At the same time we confirmed that AKF-PD did not influence body weight, uric acid and serum creatinine in AKF-PD treated rats compared to UUO rats, which was in accordance with a previous study [23] , these data lead to more advantages of AKF-PD than that of Losartan in the improvement of obstructive nephropathy, to some extent.
Conclusion
It is also possible that AKF-PD derived renoprotection may not be limited to in obstructive nephropathy. Evidence supports a pathological role of PKC-p22phox (NADPH oxidative) in developing diabetic nephropathy [27] . AKF-PD may also display a protective capacity for these obstructive injuries. These effects are possibly mediated by attenuation of NOX2-depended oxidative stress, ERK phosphorylation and ECM accumulation. ERK pathway may involve in NOX2 depended ROS and collagen expression induced by Ang II in NRK-52E cells. AKF-PD inhibits oxidative stress and fibrosis at least partly via the ERK/ MAPK signaling pathway. It is hoped that this information will lend insight into the complex issues surrounding the use of AKF-PD in obstructive nephropathy.
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